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I NTRODUCT I ON 
The complexity of human cerebra l  e l e c t r i c a l  a c t i v i t y  has long 
f r u s t r a t e d  i t s  f i n e r  analys is ,  but recen t l y  developed mathematical 
models and computer technology have begun t o  remedy t h i s  s i t u -  
a t ion.  We repor t  here on some aspects o f  i n t race reb ra l  e l e c t r i c  
generat ion i l l um ina ted  by a novel extens ion o f  spec t ra l  anay ls i s  
(Walter 1963; Walter  and Adey 1963). 
performing many sequential spectral analyses, and producing 
suggestive v i s u a l  transformat ions of spec t ra l  i n t e n s i t y  and 
s t rength  o f  spec t ra l  re la t ionsh ip ,  as a func t i on  o f  both t ime 
and frequency. These contour maps and dens i t y  p l o t s  g i ve  a 
broad overview o f  the s t a b i l i t y ,  f l u c t u a t i o n ,  and e v o l u t i o n  
o f  pa t te rns  of wave generat ion and propagation i n  the EEG, which 
lead t o  a broadened conception o f  the  f a m i l i a r  alpha wave, as 
w e l l  as t o  c l e a r  de l  inea t inn  o f  1 inear  and non-1 inear  t rans -  
m i ss  i on, 
The extens ion cons is ts  o f  
METHODS 
Data Acqu i s i t i on -
A n  e ~ t e n + i \ r ~  ! Ic\rsry of R C ~ E ~ !  scalp e?ectrozncepha:ogiams sild 
o the r  phys io log ica l  parameters has been co l l ec ted ’  under the  
d i r e c t i o n  o f  D r .  Peter Kellaway. Data are  being recorded from 
approximately 200 U.S. A i r  Force p i l o t s  by D r ,  R.L. Maulsby and 
0 t h  rs ;  D r .  Mar t i n  Grahame has been responsible f o r  development 
and opera t ion  o f  the e l e c t r o n i c  equipment. 
of the  techniques of c o l l e c t i o n  w i l l  be publ ished elsewhere; 
d i i ta  for the present paper re la te  t o  subjects  e a r l y  i n  t h i s  
se r I es . 
A f u l l  d e s c r i p t i o n  
i 
Data were recordkb by an EEG, Model 709, (Of fner  Div., Beckman 
Instruments) and on t w o  14-channel magnetic tape recorders (Model 
400A, Prec is ion  Instruments Corp.). Standard c l  i n l c a l  e lect rodes 
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were placed w i t h  molten pa ra f f i n ,  a f t e r  c lean ing  and scraping the 
scalp. The e lec t rode  placements conformed t o  the In te rna t i ona l  
10-20 System, and were recorded i n  b i p o l a r  chaining, Linkages 
t o  be discussed, and t h e i r  coded designations, are: b i l a t e r a l  
mid-temporo-parietal (LCP and RCP) ; p a r i e t o - o c c i p i t a l  (LCPO 
and RCPO); and l e f t  t o  r i g h t  o c c i p i t a l  ( B I O C C ) .  I n  order  t o  
assure near- ident  i t y  i n  the s t imu la t i on  o f  each subject, 
s t i m u l i  were presented by an  automatic device developed i n  t h i s  
labora tory  (Kado, 1964). B r i e f l y ,  a two-channel magnetic tape 
contained spoken i n s t r u c t i o n s  fo r  the subject  on one channel, 
and pulses which i d e n t i f i e d  the successive s i t u a t i o n s  and 
c o n t r o l l e d  st imulus-presentation equipment on the other. 
The l a t t e r  channel was re-recorded onto both data tapes, t o  
a l l o w  l a t e r  pos i t ion ing .  
A f t e r  20 minutes o f  f lashes, c l i cks ,  and o ther  simple phys io log-  
i c a l  s t i m u l i ,  the f o l l o w i n g  taped i n s t r u c t i o n s  were given: "You 
w i l l  now hear groups o f  three tones l i k e  this:" ,  ( 3  tones 
presented). 
bu t ton  under ycur f i r s t  f inger ,  on the r i g h t  s ide o f  your chai r .  
'When you hear the t h i r d  tone, you are  t o  push the 
Remember t o  wa i t  for the t h i r d  tone o f  each group before pushing 
the  button. E igh ty  sets  o f  3 c l e a r l y  
aud ib le  tones a t  500 c/sec were presented, each tone l a s t i n g  
0.08 sec. Three seconds elapeed between sets; w i t h i n  a set  
the  tones were one second apart, except i n  the 40th and 80th 
sets. 
the 80th, two e x t r a  seconds. 
Now close your eyes," 
The 40th set had i t s  t h i r d  tone delayed an e x t r a  second, 
Each data tape was copied a t  the record ing labora tory  and the  
copies sent t o  UCLA. A recorder o f  the same model reproduced 
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. 
each tape i n  our  labora tory ;  the r e s u l t i n g  vo l tages were converted 
t o  d i g i t a l  f o r m  by equipment made by Ai.rborne Instrument i abo ra -  
t o r i e s ,  Inc. The nominal accuracy o f  conversion was one p a r t  
i n  512; the r a t e  o f  conversion was 3000 samples per second. 
Voltage c a l i b r a t i o n s  were n o t  incorporated i n t o  these analyses, 
so t h a t  reported m ic rovo l t s  are approximate; c a l  i b r a t  ions vary  
about 10% between channels. 
Data Ana lys is  
The output  o f  the  ana log -d ig i t a l  conver ter  was recorded on 
magnetic tape by a Contro l  Data Corporation Model 160A computer. 
These d i g i t a l  tapes were processed by l a r g e r  computers ( I B M  
Models 1410 and 7094) a t  the UCiA Hea l th  Sciences Computing 
F a c i l i t y ,  f o r  which we a re  most g r a t e f u l .  There, programs 
w r i t t e n  by us pos i t ioned the  data tape t o  the requested segment, 
performed d i g i t a l  f i l t e r i n g  t o  a requested reso lu t ion ,  computed 
au to-  and cross-spectrograms, phase angles and coherence func t -  
ions, and f i n a l l y  produced both p r i n t e d  tabu la t i ons  and d i g i t a l  
tapes f o r  f u r t h e r  processing. Spectra and cross-spectra were 
produced d i r e c t l y  by f i l t e r i n g  t h e  data, ra ther  than by t rans -  
forming auto-  and cross-  c o r r e l a t i o n  functions. Fur ther  comput- 
a t i o n s  provided tapes t o  be p l o t t e d  as contour maps by the  d i g i t a l  
p l o t t e d  of the 160A computer. These maps are  d i r e c t l y  analogous 
t o  topographic maps conta in ing a l t i t u d e  contours. Maps o f  two 
func t i ons  w i l l  be employed here: i n t e n s i t y  (such a s  Figs. 1 E 2) ,  
and coherence (F ig .  3). For contours o f  i n tens i t y ,  spec t ra l  
analyses had been performed over a succession of  adjacent 12- 
second epochs, extending over several minutes. The numbers 
represent ing estimated spectral i n t e n s i t y  i n  a s ing le  channel a t  
each frequency, f o r  each epoch, were considered a s  he igh ts  
d e f i n i n g  a topographic surface. I n  o rder  t o  v i s u a l i z e  t h i s  
mountainous surface, i t s  contour curves, o f  equal i n t e n s i t y ,  
-
e 
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were drawn by the computer. As a guide in  reading the maps, 
the computer was programmed t o  draw "HI1 a t  those frequency- 
time po in ts  which were h ighest  among t h e i r  immediate neighbors, 
"L" a t  lower ones. 
A l t e r n a t i v e l y ,  instead o f  spectral  i n tens i t y ,  coherence (Walter, 
1963) could be represented. The coherences r e l a t i n g  a chosen 
p a i r  o f  channels were thought of as d e f i n i n g  another surface Over 
the same frequency-time plane, and contours o f  equal coherence 
were produced. A s  a guide t o  i n t e r p r e t a t i o n  o f  coherence peaks, 
the computer was programmed t o  include an e x t r a c t  o f  the two 
re levant  autospect ra l  maps along w i t h  the coherence map: 
a f t e r  the contours d e f i n i n g  the coherence surface r e l a t i n g  LCPO 
t o  RCPO, f o r  example, had been drawn, the computer superimposed, 
over the same frequency-time gr id ,  the HI'S and L I S  ext rac ted  from 
the LCPO autospect ra l  map. Then the computer superimposed an 
e x a c t l y  analogous e x t r a c t  from RCPO, l abe l i ng  highs and lows w i t h  
o the r  l e t t e r s  (Fig.3). A few  inelegancies may be detected i n  the 
contour maps, i n  t h a t  some contours f a i l  t o  close, and soTe cross 
themselves. 
hut_ it_ '.!GS not 
More e laborate programming could have avoided t h i s ,  
f e ! t  cc be J::st!fI&* 
The prec ise loca t ions  of  spect ra l  maxima and minima may be any- 
where w i t h i n  the band associated w i t h  a f i l t e r .  That i s ,  a 
narrow peak associated w i t h  the  9.0 c/sec band mighr have i t s  
proper  maximum anywhere from 8.75 t o  9.25 c/sec. I n  m e  sense, 
no c loser  determinat ion i s  conceivable, on t h e  bas is  o f  the un- 
c e r t a i n t y  p r i n c i p l e  governing time and frequency; but  i n t e r -  
p o l a t i o n  can y i e l d  a mos t  probable locat ion,  and was used i n  
l a t e r  maps such as Fig. 4. 
rounded maps actual  l y  g ive a more proper representat  ion o f  the 
spect ra and t h e i r  evo lu t ion ,  f o r  our f i l t e r s  are designed t o  
over lap  s l  i g h t l y  between frequencies dur ing  one epoch, and 
Besides tax ing  the eye less, such 
' a  
between epochs a t  the same frequency. These maps s t i l l  requ i re  
much experience and comparison f o r  t h e i r  i n t e r p r e t a t i o n .  Because 
dens i ty  modulat ion i s  o f t e n  eas ier  t o  comprehend than 1 ine graphs, 
we developed computer programs f o r  simultaneously present ing two 
i n t e n s i t y  funct ions and thz coherence func t ion  r e l a t i n g  them, 
by modulat ion o f  both the width and dens i ty  o f  t r a c i n g  (Fig. 6). 
The w id th  and t h e  dens i ty  o f  each outer  t r a c i n g  o f  a t r i p a r t i t e  
t race  are both made propor t ional  t o  the spect ra l  i n t e n s i t y  f u n c t i o n  
o f  one lead. The middle t race i s  s i m i l a r l y  modulated, but i n  p ro-  
p o r t i o n  t o  the coherence funct ion between the two leads, dur ing 
the same epoch. Each swath i s  labeled w i t h  tk s t a r t i n g  t ime of  
i 'is epoch. 
Other summarizing parameters were computed f o r  each epoch and 
channel; i n  p a r t i c u l a r ,  the equiva lent  no ise bandwidth, and 
the equiva lent  f i l t e r  dura t ion  (Rhodes and Brown, i n  preparat ion) .  
These have been found t o  provide a s t a t e  d e s c r i p t i o n  more compecC, 
i f  more approximate, than t h a t  o f f e r e d  by spectral  analysis.  
Bandwidths reported here re la te  t o  the range above 1.5 c.'szc 
only.  
S t a  t i s t i ca 1 T rea tmen t 
A l l  ca lcu la ted  parameters o f  t h i s  study are s t a t i s t i c a l  i n  
nature, and subject  t o  sampl ing f l u c t u a t i o n .  Sampl ing e r r o r s  
i n  spectra 
(Walter, 1963; Walter G Adey 1963, 1964). The sampling d i s t r i -  
b u t i o n  o f  coherence was derived by Goodman (1963), and tabulated 
by Alexander & Vok (1964). 
t h a t  records a r e  coherent t o  a worthwhi le extent ,  we have taken, 
n o t  the n u l l  hypothesis t h a t  they had a t r u e  coherence of zero, 
b u t  instead, "these records arc coherent less than 0.05". I f  
sample coherence exceeds the c r i t i c a l  value f o r  t h i s  hypothesis 
and phase angles were covered in e a r l i e r  papers 
A s  an a l t e r n a t i v e  t o  the hypothesis 
6 
(found i n  the tab le ) ,  we are j u s t i f i e d  i n  saying t h a t  such a 
coherence could have a r i sen  by chance from j o i n t l y  Gaussian- 
d i s t r i b u t e d  records a c t u a l l y  coherent 0.05 o r  less, w i t h  a 
p r o b a b i l i t y  o f  on ly  about 5%. We c a l l  such sample coherences 
simply " s i g n i f i c a n t  coherences". Because b r a i n  waves are  o f t e n  
n o t  c lose t o  j o i n t l y  Gaussian d i s t r i b u t e d  (D.O. Walter, un- 
pub1 i shed data) , we have proceeded w i t h  some conservat i sm, and 
g i ve  phys io log ica l  i n t e r p r e t a t i o n s  on ly  when the same p a t t e r n  
i s  observed i n  several epochs. 
F1 u t  t e  r ComDensa t i on 
In  processing analog data on magnetic tape there i s  i n e v i t a b l y  
3 some i r r e g u l a r i t y  i n  the  speed of tape motion, t h a t  i s ,  f l u t t e r . '  
T h i s  produces a r t i f a c t u a l  amp1 itude modulat ion o f  the reproduced 
s igna l  i n  a l l  channels, cumulat ive ly  in the steps of recording, 
rep roduct ion, re -record i n  9, and f i na 1 reproduct ion f o r  d i g i t i - 
zat ion .  
10 Kcs/sec s ine wave had been superimposed on the vo ice channel 
o f  both o f  a sub jec t ' s  data tapes dur ing  the o r i g i n a l  record ing 
process. W e  could have used f lutter-compensat ion networks, 
b u t  as the measured amount of  f l u t t e r  i n  t h e  recorders useci 
was less than 0.25 percent, and such co r rec t i on  networks may 
c o n t r i b u t e  new e r ro rs ,  no such compensation was used, Since 
some unexpectedly h i g h  coherences were observed, however, we 
performeti d i g i t a l  f l u t t e r  compensation a - p o s t e r i o r i  117 sone 
representa t ive  s i t ua t i ons .  
P a r t l y  t o  a l l o w  cmpznsat ion for these a r t i f a c t s ,  a 
i ' i e  10 !Cc s igna l  was detecto,d, dicj i t izeci,  aitd s p e c t r a l l y  
analyzed along w i t h  severai EEG channels. The spectra of f l u t t e r  
v a r i e d  scmewhat f r o m  t i m e  ;o tim I n  the relative ? n t e n s i t i e s  o+ 
pea!;s, b u t  the st rongest  of the pecks were always 3 t  5.0 and 7.3 
c/sec, with progress ive ly  weaker Faaks a t  10.0, l2 ,5 ,  and 15.0 c/s,-.c, 
. 1 
. 
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The coherences between f l u t t e r  and reproduced EEG channels 
were i n s i g n i f i c a n t  i n  a l l  but  a few instances; these were a l l  
a t  7.5 c/sec, a t  t imes when tk EEG channels were r e l a t i v e l y  
weak i n  t h a t  band. 
spec t ra l  m a t r i x  representing two EEG channels and the f l u t t e r  
channel a t  t h i s  frequency was inver ted t o  ca l cu la te  the c o n d i t -  
ional  coherence (Goodman, 1963'). Before compensation f o r  the 
f l u t t e r ,  the  ca lcu la ted  coherence between tk EEG channels was 
0.69; a f t e r  compensation i t  was 0.58. Since t h i s  was the worst 
case observed, and occurred i n  a frequency band which had no t  
come t o  our n o t i c e  a s  y i e l d i n g  unexpected resu l ts ,  i t  was 
concluded t h a t  rou t i ne  f l u t t e r  compensation was no t  necessary. 
The w o r s t  such case was chosen, and tk 
RESULTS 
Subject 207 
Contours o f  spec t ra l  i n t e n s i t y  f o r  Subject 207 dur ing  the major 
p a r t  o f  the aud i to ry  v i g i l a n c e  task are shown i n  Fig. 1. For 
explanatory  purposes, the contours f o r  the l e f t  cen t ra l  p a r i e t o -  
o c c i p i t a l  lead (LCPO:  P 3 - O l )  are shown a t  a l a r g e r  scale i n  Fig. 2A, 
together  w i t h  the  o rd ina ry  spectrum t o r  the f i r s t  epoch. Fig. 2A 
can be understood by considering i t s  l e f t  edge; the e leva t i on  
from t h i s  view would be prec ise ly  Fig. 28, wherein he igh ts  f o r  
which contours a r e  p l o t t e d  a re  shown i n t e r s e c t i n g  the autospect ra i  
graph f o r  the  f i r s t  epoch. The h i g h - i n t e n s i t y  zones i n  Figs. 1 
and 2 a re  seen l a r g e l y  in  two frequency ranges: below 1 c/set; 
and from about 9.5 to 11.0 clsec. 
9.5-11 - c/sec Band: the Longi tud ina l  Waves 
-
The most representat ive map i s  t h a t  f o r  LCPO.  Here the wave i s  
i n i t i a l l y  a ra the r  narrow-band ( t h a t  i s ,  regu la r )  process, centered 
a t  11.0 c/sec; i t  c l e a r l y  represents t h i s  sub jec t ' s  alpha wave, 
I 
I n  the f i r s t  minutes, i t  decreases i n  i n t e n s i t y  ( f rom about 50 
t o  less  than lOuv /(c/sec)) and frequency (from 11.0 t o  10.5 
c/sec) ; and increases i n  bandwidth ( f rom about 1.5 c/sec t o  
2.8 c/sec). Th is  i s  i n  r e l a t i o n  to the sub jec t ' s  g radua l ly  
increasing tendency t o  respond within, or even before, the  t h i r d  
tone. A f t e r  the unusual st imulus group a t  4 minutes, the sub jec t ' s  
alpha wavz returned w i t h  very h igh amp1 i tude (>1OOpV /(c/sec)) 
and r e g u l a r i t y ,  and a t  11.0 c/sec. I t seems probable t h a t  . 
h i s  a t t e n t i o n  had wandered o r  waned, concomitantly w i t h  the 
a t tenuat ion  o f  h i s  alpha wave; when the unusual s t imulus group 
x c u r r e d ,  the subject  ' s  conscious responses, as we1 1 as h i s  
!ong i tud ina l  EEG waves; returned t o  t h e i r  i n i t i a l  condi t ions.  
I n  the per iod j u s t  preceding the unusual st imulus, i n  which the 
subject  was responding p r i o r  t o  the t h i r d  tone, l o c a l  spect ra l  
maxima occurred a t  low i n t e n s i t y  a t  2.0, 3.5, and 7.0 c/sec, 
r e c a l l i n g  the f ind ings  of W i l l i a m s  e t  a l .  (1962) and o f  Haider, 
(pers. comm.) o f  the ta-  and d e l t a -  band a c t i v i t y  associated w i t h  
e r r o r s  o f  omission, i n  somewhat s i m i l a r  .J ig i lance tasks. 
2 
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The p a t t e r n  was s i m i l a r ,  though more fragmented, i n  the other  
l o n g i t u d i n a l  leads. What i s  more s i g n i f i c a n t  i n  b ind ing  them 
together  i s  the p a t t e r n  o f  r e l a t i o n s h i p  shown by t h e i r  contours 
o f  coherence, Fig. 3. Consider the second map i n  the second 
row, which del ineates the coherence surface r e l a t i n g  LCPO arid 
RCPO, which have the strongest and most consis tent  r e l a t i o n s h i p  
found . Wh i 1 e the re  we re many time -f requency comb i nat  i ons hav i ng 
m ,de -ate coherences, the bands o f  g rea tes t  consistency were the 
a lpha bands, and t h e i r  c loses t  r e l a t i o n s h i p  occurs dur ing  the 
epochs of  intense a c t i v i t y  fo l low ing  the f i r s t  unusual st imulus 
group. The h igh  cohercnces extend lower i n  frequency than the 
spec t ra l  peaks, b u t  n o t  higher. S i m i l a r  r e s u l t s  were a l s o  c l e a r l y  
'ound in  another subject. The same d e s c r i p t i o n  aDpl ies t o  the 
9 
maps f o r  the p a i r i n g s  RCP/RCPO and RCP/LCPO. I t  i s  a general r u l .  
t h a t  such co-occurrences o f  h igh  i n t e n s i t y  w i t h  h i g h  coherence, 
and low i n t e n s i t y  w i t h  low coherence, can be in te rpre ted  as 
i n d i c a t i n g  a generat ing process which i s  waxing and waning i n  
i n t e n s i t y ;  when ac t ive ,  i t  dominates these leads, and binds them 
together;  when inac t ive ,  i t  al lows each lead's l oca l  a c t i v i t y  t o  
be seen. 
duced) showed t h a t  LCPO and RCPO have t h e i r  alpha waves essen- 
t i a l l y  i n  phase, w h i l e  there i s  an angular lead o f  approximately 
30° (equiva lent  t o  approximately 15 msec.) 
them and e i t h e r  LCP o r  RCP, thus suggesting forward t ransmission 
of these waves. 
Reference to  the phase angle c a l c u l a t i o n s  (not repro-  
between e i t h e r  o f  
9.5 c/sec Band: the L a t e r a l  Waves 
The BlOCC lead a l s o  had much of i t s  a c t i v i t y  concentrated i n t o  
the alpha range, though i t  was s p e c t r a l l y  wider (;.e., less 
regular )  and was more s t a b l y  centered a t  10.5 c/sec. 
t inued w i t h  unabated i n t e n s i t y ,  frequency and width, throughout 
I t  con- 
t h e  task. I t s  second-by-second independence from the long i tud-  
i n a l l y  o r i e n t e d .  waves i s  domonstrated by t h e  coherence maps i n  
the bettcm i-C% sf f i g .  3.  Each c f  thesz maps relates B ! O C C  t3 
one of  the other  t races:  the bareness of  a l l  three a t  a l l  
frequencies i s  i n  s t rong contrast  t o  the  other  maps. 
BIOCC's a c t i v i t y  i s  n o t  shared; e s s e n t i a l l y  none o f  i t s  power 
could be accounted f o r  by any power i n  the o ther  leads. B io-  
e l e c t r i c a l l y  i t  i s  easy to  i n t e r p r e t  t h i s  independence: 
throughout t h i s  task, the b i o c c i p i t a l  generator o r  generat ion 
process i s  l a t e r a l l y  or iented;  that  producing the alpha waves 
is,  i n  e f fect ,  l o n g i t u d i n a l l y  oriented. I t  may be tha t  the 
l a t e r a l  generator represents tha t  a c t i v i t y  sometimes ca l  l e d  
Kappa (Liberson, 1937; Chapman, Armington, and Bragdon, 1962). 
I n  short ,  
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This t e n t a t i v e  i d e n t i f i c a t i o c  i s  cons is ten t  w i t h  the f a c t s  t h a t  
peak a c t i v i t y  was a t  a frequency s l i g h t l y  below t h a t  o f  
the alpha; t h a t  i t  was recorded from a l a t e r a l l y  disposed recording 
d i p o l e  ( the usual l inkage i s  bitemporal):  and t h a t  it was r e l a t -  
i v e l y  unaf fected by w ide ly  vary ing l e v e l s  o f  a t ten t i on .  
Low-f resuencv Band 
B I O C C  and VERTEX (not reproduced) show considerable a c t i v i t y  
between 0 and 1.0 c/sec. But Fig. 3 showed almost no s i g n i f i c a n t  
coherences between any p a i r  o f  leads i n  t h i s  band, and i t  i s  a 
d i r e c t  imp l i ca t i on  o f  the mathematical model being employed t h a t  
EEG a c t i v i t y  not  coherent w i t h  o ther  EEG channels i s  e i t h e r  
l oca l  or, a t  most, can depend on o ther  phys io log i ca l  parameters. 
Since t h i s  i s  a frequency band occupied by hear t  a c t i v i t y ,  an ~ 
a d d i t i o n a l  spec t ra l  ana lys i s  was performed t o  determine the 
r e l a t i o n  between the plethysmographic lead and B I O C C ,  V E R T E X ,  
and LCP ( inc luded as a c o n t r o l  example). In order  to  increase 
the  s t a t i s t i c a l  re1 i a b i l i t y  o f  the spec t ra l  est imators ,  epochs 
o f  24 sec. were analyzed. With the b i o c c i p i t a l  lead, the p l e t h y -  
smograph showd marg ina l l y  s i g n i f i c a n t  coherences o f  about .5 
i n  the 1.0 c/sec band, and a usua l l y  smal ler  coherence near 0.5 
c/sec. Wi th  the  VERTEX lead, the plethysmograph less o f t e n  
showed s i g n i f i c a n t  coherences; coherences w i t h  LCP were a1 1 
i n s i g n i f i c a n t .  Thus a l i m i t e d  but  non-neg l ig ib le  p ropor t i on  
o f  a c t i v i t y  i n  two leads can be a t t r i b u t e d  t o  pu lsa t ion .  But 
i t  i s  necessary t o  seek fu r ther ,  perhaps by extensions o f  spec t ra l  
ana lys is ,  for explanat ion o f  the o ther  h a l f  o f  the 1.0 c/sec 
wave a c t i v i t y ,  and o f  almost a l l  o f  the a c t i v i t y  a t  and below 
0.5 c/sec, i n  both the b i o c c i p i t a l  and VERTEX leads i n  t h i s  
subject. 
. 
. 
I -  
Subject 212 
I n  a d d i t i o n  t o  s tab le alpha a c t i v i t y  (10-1 c/sec) i n  L C P O  and 
RCPO, t h i s  subject  showed (Fig. 4) a broad minimum o f  a c t i v i t y  
i n  the range o f  approximately 4 t o  7 c/sec i n  a l l  leads. The 
spectra were q u i t e  s i m i l a r  i n  the symmetric p a i r s  LCP/RCP, and 
LCPO/RCPO, but less s i m i l a r  i n  other  pa i r ings .  The major mod- 
u l a t i o n  o f  i n t e n s i t y  i n  response t o  both unusual st imulus groups 
i s  i n  B I O C C ,  i n  contrast  t o  the f i n d i n g  i n  the previous subject ;  
some f l a t t e n i n g  i s  a l s o  seen i n  L C P  a t  these times. Fig. 4 a l s o  
contains a set  o f  t ime h i s t o r i e s  ex t rac ted  from the contour maps, 
as i f  each had been s l i c e d  along a single-frequency l i n e  near the 
lower border o f  the band o f  strong alpha a c t i v i t y ,  and the s l i c e s  
displayed as the f i v e  o rd inary  graphs shown. The f i r s t  f o u r  leads 
showed two ra ther  d i s s i m i l a r  waxing and waning processes shared i n  
the symmetric p a i r s  mentioned. B I O C C  had a t h i r d  p a t t e r n  o f  modu- 
l a t i o n .  
but  f requent ly  responded more than once per  tone group, as ind icated 
i n  the lower l e f t  o f  F i g .  5. 
Th is  subject  d i d  no t  show Subject 2 0 7 ' s  e r r o r s  o f  a n t i c i p a t i o n ,  
Fig. 5 contains a s e l e c t i o n  of coherence maps f o r  t h i s  subject, 
4 concerning L C P ,  3 RCPO;  those n o t  reproduced conf i rm the ind ica t ions  
g iven by these maps. I n  consonance w i t h  the s i m i l a r i t y  of  t h e i r  
autospect ra l  maps, coherences LCP/RCP and LCPO/RCPO are high, i n  
and near the alpha bands. The i p s i l a t e r a l  p a i r  LCP/LCPO show 
intermediate s t rength  and consistency o f  r e l a t i o n s h i p  i n  these 
bands, wh i le  LCP/RCPO r e l a t e  only weakly. L C P / B I O C C  and RCPO/BI  OCC 
i n d i c a t e  the e s s e n t i a l l y  complete independence of B I O C C  from the 
o t h e r  leads. Fig. 6 presents some o f  the autospect ra l  and coherence 
data f o r  LCP/RCP i n  a new transformation, the coordinated densi ty  
p l o t ,  which a l lows a new ins igh t  on the data. This p l o t  juxtaposes 
data p rev ious ly  presented i n  three separate contour maps; un for -  
tunate ly ,  i t  loses i n  comprehensibi l i ty  i f  compressed t o  the area 
, 
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of  a -contour  map. 
f i nd ings  emerge; f i r s t ,  i n  each epoch, i n t e n s i t y  o f  a c t i v t t y  was 
h i g h  in  one, o r  a t  most two adjacant f i l t e r  b a n s ,  commonly the same 
bands on both sides. Coherence between them, i n  contrast ,  was 
u s u a l l y  s i g n i f i c a n t  over several a d d i t i o n a l  neighboring f i l t e r  
bands, a t o t a l  band from 2 to 4.5 d s e c  i n  width. T h i s  range 
o f  agreement i s  much wider than we a n t i c i p a t e  from the narrow 
bands o f  h igh  alpha i n t e n s i t y .  
Even from these se lected epochs, two important 
The i n t e n s i t y  reached i t s  narrow peak between 9.5 and 10.5 c/sec, 
appearing once a t  9.0, bu t  the  shared process f l a n k i n g  t h i s  peak 
t y p i c a l l y  extends from 7.5 to 12 c/sec, a range i n  which the 
i n t e n s i t y  v a r i e s  by a f a c t o r  of t e n  o r  more. There was some 
v a r i a t i o n  i n  i t s  locat ion,  apparently co r re la ted  w i t h  the l o c a t i o n  
o f  t he  i n t e n s i t y  peak; there was r e l a t i v e l y  l i t t l e  v a r i a t i o n  i n  
t h e  coherence l e v e l  i n  d i f f e r e n t  frequencies in  an'epoch, and no t  
much more between epochs. 
Study o f  the analogous p l o t  (not reproduced) f o r  LCPO/RCPO shows 
a s i m i l a r  e f f e c t ,  through the peaks a re  a t  d i f f e r e n t  frequencies 
in  most epochs. Other pa i r ings,  such as LCP/LCPO, had, as w e l l  as 
lower coherences genera l ly ,  much v a r i a t i o n  both i n ' i o c a t i o n  and i n  
coherence leve l ,  dur ing  the same t ime period. 
In the epoch f o l l o w i n g  the  unusual s t imulus group, LCP f l a t tened .  
RCP continued r e l a t i v e l y  unf lattened, and the coherence between t h m  
shows a s i g n i f i c a n t  drop, i nd i ca t i ng  a near ly  complete loss o f  
transmission. B l G C C  a l s o  weakened theq, as noted e a r l i e r .  Also 
d u r i n g  t h i s  period, the sub jec t ' s  GSR showed a r ise,  then o s c i l l a t e d  
for 15-20 sec. 
sub jec ts  and s i t ua t i ons .  
pa t te rn ,  more s tud ies  w i  11 be needed. 
S i m i l a r  react ion pa t te rns  occurred i n  a few o ther  
For a f i n e r  ana lys i s  of t h i s  reac t i on  
!3 
Sub.ject 21 3 
Contours o f  i n t e n s i t y  f o r  subject 213 a re  i n  Fig. 7. At tending 
f i r s t  to those f o r  RCP, we see an extreme19 c l e a r  r i dge  i n  the 
9.5 c/sec band, vary ing  on ly  s l i g h t l y  i n  the l o c a t i o n  of i t s  
peaks throughout the task. Th is  r idge  i s  bounded above by a 
s u r p r i s i n g l y  s t r a i g h t  c l i f f ,  which reaches the lOuv /(c/sec) 
l e v e l  by 10.0 c/sec. There i s  a cons is ten t  v a l l e y  from about 
5 t o  6 c/sec. This  p a t t e r n  p e r s i s t s  throughout the  task, and 
disappears on l y  w i t h  the  beginning o f  a new one, when an almost 
opposite p i c t u r e  develops t r a n s i e n t l y  ( l o c a l  peaks a t  1, 3.5-5.5, 
7,11y and 14 c/sec, and a v a l l e y  i n  place o f  the r idge) .  
and RCPO conta in  very s i m i l a r  r idges i n  the 9.5 c/sec band, although 
the l a s t  two a re  o f  lower i n tens i t y .  The ex t rac ted  t ime h i s t o r i e -  
of i n t e n s i t y  a t  the upper border o f  t h i s  band, a l s o  g iven i n  Fig. 7, 
show i n  what d e t a i l  the modulation agrees among RCP, LCP, and LCPO, 
bu t  n o t  RCPO. These l a s t  two leads bo th  showed some r i dge  s t ruc tu re  
i n  the range 2-4 c/sec, espec ia l l y  LCPO, though less w e l l  formed 
than the alpha ridges, these low-frequency r idges cont ras t  w i t h  the 
same bands i n  LCP and RCP. None o f  these f o u r  s t ruc tu res  had 
any c l e a r  response t o  the two unusual s t imulus groups. B l O C C  
showed a genera!!y zlm!!ar ridge in the a!pha hand, which k ~ l s  2
d i s t i n c t  narrowing i n  the  epoch o f  the f i r s t  unusual group. This  
sub jec t  made no e r r o r s  a t  t h i s  or  any o ther  time, bu t  h i s  GSR 
rose fo l low ing  each unusual st imulus group. 
2 
LCP, LCPO 
Coherences: the alpha band. 
The coherence map f o r  LCP/RCP (see Fig. 8) shows a broad band of 
s i g n i f i c a n t  coherences, bounded above a t  9.5-10.0 c/sec, b u t  usual l y  
ex tend ing  considerably  f u r t h e r  toward low frequencies than do the 
h i g h - i n t e n s i t y  r idges of  the  autospectra of these leads. The 
corresponding i n t e n s i t i e s  have a dynamic range of approximately 
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ten, l i k e  those i l l u s t r a t e d  f o r  the previous subject  f o r  the 
same two leads. 
LCP/LCPO and RCP/LCPO have a s imi la r ,  but  narrower, zone o f  h igh  
coherence. Thus the major wave process present these three leads 
i s  w e l l  shared. The phase angles a r e  a l l  c lose t o  zero, suggesting 
cent r i fuga 1 ra ther  than c o r t  i co-cor t i ca 1 t ransm i ss i on  : but  more 
powerful a n a l y t i c  techniques bald be requi red t o  decide between 
those very i n t e r e s t i n g  a l te rna t ives .  
I n  t h e  band around 9.5 c/sec, coherence maps 
In  t h i s  band, tk maps r e l a t i n g  t o  RCPO, both these shown and 
those n o t  reporduced, show considerably weaker coherences, i n  
s p i t e  of  RCPO's i n t e n s i t y  r idge  l i k e  the others'.  
coherences conf i rm the imp l ica t ion  from the t ime h i s t o r i e s  i n  
Fig. 7, of r e l a t i v e  independence i n  RCPO's alpha wave. 
These weaker 
Coherences: De l ta  Bands 
The coherence map LCPO/RCPO has a broad zone of in te rmet ten t  
h i g h  coherence i n  the range from 2.5 t o  4.5 c/sec, whose p a t t e r n  
f o l l o w s  the r idges o f  LCPO to a no t iceab le  extent .  Other p a i r s  
share these waves. These may be weak, f l u c t u a t i n g  d e l t a  waves, 
generated independently o f  the a l p h a  wsves, Anether possibl!Ity, 
which recommends i t s e l f  for  f u r t h e r  study, i s  t h a t  they represent 
a quadra t ic  i n t e r a c t i o n  term, e i t h e r  between the  d isparate alpha 
generators, o r  between b r a i n  wave and vascular p u l s a t i o n  wave. 
T h i s  p o s s i b i l i t y  can be studie6 by b i s p e c t r a l  es t imat ion  (Hasselman, 
Munk, Mac Donald, 1963). 
Other S i t u a t i o n s  and Subjects 
Comparison o f  the v i g i l a n c e  s i t u a t i o n  w i t h  t h e i r  sub jec ts '  
e a r l i e r  per iods o f  r e s t  ( w i t h  eyes closed) showed i l l u m i n a t i n g  
s i m i l a r i t i e s  and d i f ferences.  These three subjects a l s o  displayed 
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i n  the r e s t  epochs,b iocc ip i ta l  waves i n  the alpha band t o t a l l y  in- 
coherent w i t h  the  l o n g i t u d i n a l  waves. So far, r e s t  periods have 
been analyzed i n  ten o ther  subjects. 
pa t te rn  o f  l a t e r a l  independence; the  fou r  o thers d isp layed four 
d i f f e r e n t  pat terns.  Thus a c lear  l a t e r a l  alpha i s  the most common 
pat tern,  and we do n o t  ye t  have an i n d i c a t i o n  o f  any o ther  pa t te rn ,  
S i x  o f  them showed an analogous 
In p a i r i n g s  which showed wide coherence superimposed on narrow 
peaks o f  alpha in tens i t y ,  the  bands o f  coherence were narrower i n  
the res t  per iods:  f o r  subjects 207 and 213 the band o f  s i g n i f i c a n t  
coherences covered 1.5 t o  2 c/sec, w i t h  a dynamic range o f  on l y  about 
3 ,  against  10 i n  the former; f o r  212, the w id th  was 2 t o  3 c/sec 
and the dynamic range approximately 5. Thus the s t r i k i n g  shar ing 
i s  b e t t e r  expressed du r ing  aud i to ry  a t t e n t i o n  than dur ing  res t ,  
the eyes closed i n  both cases, Unfor tunate ly ,  o the r  sub jec ts '  
v i g i l a n c e  records have no t  been analyzed a t  t h i s  time; r e s t  periods 
o f  n ine  of the  ten  mentioned above show r e s t r i c t e d  sharing l i k e  
207 and 213, wh i le  one agrees w i t h  212 i n  covering a dynamic range 
of  about 5. 
D ISCUSS I ON 
Several s i g n i f i c a n t  1 inear and n0n-l inear  re la t i onsh ips  are  imp1 ied 
by these resu l ts .  I n  sum, they lead t o  a broadened conception o f  
the generat ion and propagation o f  t he  alpha wave. 
observations could have been made by a t ra ined  observer w i thout  
mechanical assistance; o thers w i t h  an o rd ina ry  frequency analyzer. 
Many, however, are completely imperceptible w i thout  the I 'physio- 
l o g i c a l  microscope" provided by these spec t ra l  methods. 
Some of these 
While i t  would be most parsimonious t o  i n t e r p r e t  these r e s u l t s  i n  
rrerms o f  a few d i p o l a r  sources, t o  do so would ignore the body o f  
d e t a i l e d  observations (Walter and. Crow, 1964; Chatrian, Bickford arid 
Uih le in ,  1960).from surface and depths o f  the o c c i p i t a l  lobe. 
, 
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Clear ly ,  deep b i o e l e c t r i c  generat ion processes are protean i n  
t h e i r  v a r i e t y  o f  s ize,  shape, strength,  and o r ien ta t i on .  While.. 
the present analysis,  is..phra'sed- i n .  terms o f  a- few genera.tion 
processes; t h i s  should be understood as  cons t ra in ing  on ly  .:the 
average tendencies o f  the deep generators. 
L inear  Aspects o f  tte Results 
The spect ra l  r e s u l t s  a l l o w  us t o  separate two or, i n  some subjects,  
th ree  generators o r  generat ion processes, o s c i l l a t i n g  i n  s i m i l a r  
frequency bands w i t h i n  the pos te r io r  p a r t  of the head. The c a l -  
cu la t i ons  do no t  y i e l d  a fundamental causal explanat ion o f  the 
processes so elucidated, but they do prov ide sharp and e x p l i c i t  
i m i t s  t o  the range o f  explanatory models which can be considered 
acceptable. 
B I O C C ' s  low coherences in  some subjects  imply geometric con t ra in t s  
on the o r i e n t a t i o n  o f  generators, and the  propagation o f  t h e i r  
waves. Consider a b i o e l e c t r i c  model, r e s t r i c t e d  t o  LCPO (P3-01), 
h:PO (P4-02), and B l O C C  (01-02). 
approximately 9.5 
!e=d them tc be s t = t i s t I c = ! ! \ ~  ind-pe&ent. Let_ u s  SIJPPQS~ that_ 
Let  A l ( t )  and A 2 ( t )  be two 
c/sec o s c i l l a t i o n s ,  whose d i f f e r i n g  modulat ions 
J 
the vo l tage d i f f e r n c e  between e lect rode 01 and some ideal  r e f -  
"rence i s  approximately 
O l ( t )  - Ref = A l ( t )  + A 2 ( t )  + n l ( t )  
where n l  i s  a s t a t i s t i c a l l y  independent noise s igna l  o f  low 
in tens i t y .  Suppose f u r t h e r  that  the o ther  e lect rodes behaved i n  
..ccord w i t h  Fig. 9, so tha t  t h e i r  monopolar records would be: 
, 
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02( t )  - Ref = A l ( t )  + (l+g)A2(t+h) + n2 ( t )  
P 3 ( t )  - Ref = ( I+a)Al ( t+b)  + A2(t) + n3(t) 
P 4 ( t )  - Ref = ( l+a)A l ( t+b)  + (l+g)A2(t+h) + n 4 ( t )  
Where a and b are  respec t ive ly  a ga in  mod i f ie r  and a t ime delay on 
the A 
h are  analogous operators  on A2, s i m i l a r l y  r e s t r i c t e d ,  and the  
n ' s  a e so many independent noise sources. 
t ions ,  the b i p o l a r  vo l tage d i f fe rences  a c t u a l l y  recorded would 
obey: 
process, e i t h e r  o f  which (but  no t  both) may be zero, g and 
Under these assump- 
P 3 ( t )  - O l ( t )  = ( l+a)Al ( t+b)  - A l ( t )  + n3 ( t )  - n l ( t )  
P4(t) - 02( t )  = ( l+a)Al ( t+b)  - A l ( t )  + n4( t )  - n2 ( t )  
O l ( t )  - 02( t )  = A2( t )  - (l+g)A2(t+h) + n l ( t )  - n2 ( t )  
P2-01 and P4-02 would be strong and coherent i n  the 9.5 c/sec band, 
incoherent ou ts ide  it. 01-02 would a l s o  be s t rong i n  t h a t  band, 
but  incoherent w i t h  o ther  leads, The A I  process a f f e c t s  the s i t e s  
o f  01 and 02 equal iy ,  P3 and P 4  equal ly ,  and 02 and P4 equa l ly .  
These cons t ra in t s  on the model seem t o  be the  on ly  simple ones 
compatible w i t h  t he  observations. On the  o ther  hand, there must 
be e i t h e r  a t ime delay o r  a g a i n  d i f f e r e n c e  o r  both, between 
the e f f e c t  o f  A I  on the pos te r io r  VS.  t he  a n t e r i o r  electrodes,and 
s i m i l a r l y  as t o  the e f f e c t  o f  A 2  on l e f t  VS, r i g h t  e lect rodes.  In  
some subjects  the ga in  d i f f e rence  seems t o  predominate, as there 
i s  no phase s h i f t  between P3-Ol(LCPO) and C3-P3 (LCP); i n  o ther  
subjects, the  t ime d i f f e rence  i s  s i g n i f i c a n t ,  since such a phass 
s h i f t  i s  observed. 
I -  
The p a t t e r n  o f  coherences was a l i t t l e  more complex i n  subject  212, 
w i t h  s t rong s ide- to-s ide coherences, and moderate coherences between 
fore-and-af t  pa i r ings .  Th is  p a t t e r n  imp1 ies  a d d i t i o n a l  cons t ra in t s  
on the model f o r  h i s  records. According t o  the method o f  gen- 
e r a t o r  ana lys i s  (Walter & Adey, 1964) i t  could have a r i s e n  from 
e i t h e r  of two geomet r ica l l y  d i f f e r e n t  d i s p o s i t i o n s  o f  e l e c t r i c a l  
I . 
generators. I n  s p i t e  o f  t h e i r  geometric d i f fe rences ,  these two 
a l t e r n a t i v e  reso lu t ions  o f  the data a re  mathematical ly equiva lc  
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f r  
as f a r  as present methods o f  ana lys is  a r e  ab le  to c a r r y  us. 
model requi res three generat ion processes i n  order  t o  reproduce 
the p a t t e r n  observed. 
E i t h t r  
Non-l inear aspects o f  the resu l t s  
The alpha "process". One n o n - l i n e a r i t y  common t o  a l l  threi? 
subjects  i n  d i f f e r i n g  degrees i s  t h a t  which produces wide bands c F  
h i g h  coherences in  the  face of narrow bands o f  h i g h  i n t e n s i t y .  
The h i g h  coherences themselves express 1 inear  re la t ionsh ips ,  
bu t  t h e i r  assoc ia t ion  w i t h  the narrow alpha waves impl ies a non- 
l i n e a r  r e l a t i o n s h i p  between a c t i v i t y  i n  the s t rong band and i t s  
neighbors. 
B i o e l e c t r i c a l  l y ,  we would have i n f e r r e d  a narrow-band alpha gen- 
e r a t o r  from j u s t  the  autospectrograms, as i s  i m p l i c i t  i n  the 
c lass i ca l  desc r ip t i ons  (Grey Walter, 1959). 
The wide coherent band, however, s t rong ly  suggests t h a t  a s i n g l e  
alpha generat ion process covers t h i s  e n t i r e  width, though a t  
great ly  d i f f e r i n g  Intensities. l t  i s  we:: kiiswii, fer instance 
in  rad io  transmission theory, t h a t  a regu la r  o s c i l l a t i o n  whose 
frequency o r  amp1 i tude i s  being modulated, i s  mathematical ly 
equal t o  the sum o f  the regular  o s c i l l a t i o n  ( the  "car r ie r ' l )  
and weaker "side-bands" i n  the neighborhood o f  t he  c a r r i e r ,  
whose frequencies d i f f e r  from tha t  o f  the main wave by smal l -  
in teger  m u l t i p l e s  o f  the modulating wave. 
of h igh  coherences between weak waves i n  bands adjacent t o  the 
a lpha r e f l e c t  the  transmission between b r a i n  areas o f  the  s ide -  
bands de f i n ing  the modulations o f  the main alpha wave. 
hypothes is  requi res some care t o  p roper l y  t e s t  i t  i n  the  present  
contex t  o f  s t a t i s t i c a l  communication theory. Such a t e s t  i s  now 
unde r deve 1 opmen t . 
Perhaps our  f ind ings  
Such a 
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Other e f f e c t s  o f  the alpha process. An add i t i ona l  proper ty  o f  
the coherence bands was noted p a r t i c u l a r l y  f o r  subject  212, but 
app l ies  a l s o  t o  the others. I t  re la ted  no t  t o  t h e i r  width, but  
t o  t h e i r  height,  t o  the r e l a t i v e  constancy o f  coherence values 
w i t h i n  the wide band, f lanked by r e l a t i v e  
i b l e  coherences. 
To i n t e r p r e t  these h igh  coherences, recal  
coherence o f  0.8 between two leads means 
band, 80% o f  the  a c t i v i t y  i n  one lead can 
4 
y steep drops t o  n e g l i g -  
(Walter, 1963) t h a t  a 
t h a t  i n  th i s frequency 
be i n fe r red  (o r  "predicted1') 
from the a c t i v i t y  o f  the other. 
i s  not thereby predic tab le.  Since the p r e d i c t i o n  impl ied by the 
coherence includes optimum cor rec t ions  f o r  ga in and phase change, 
t h i s  precludes an_)i 1 inear  r e l a t i o n  between pred ic ted  and unpredicted 
a c t i v i t y .  Two a l t e r n a t i v e  .explanat ions o f  the unpredicted, loca l  
a c t i v i t y  remain: e i t h e r  i t  i s  merely c o i n c i d e n t a l l y  present in  
I n  d i f f e r e n t  words,20% o f  the a c t i v i t y  
the  same band as the shared a c t i v i t y ,  o r  e l se  i t  has some non- 
l i n e a r  r e l a t i o n  t o  it. 
Now, the shared a c t i v i t y  var ies i n  i n t e n s i t y  over a t  l eas t  the 
range 50 t o  5pv /(c/sec), i n  the d i f f e r e n t  f i l t e r  bands which are 
about 80% coherent. 
aver bands d i f f e r i n g  so much i n  i n tens i t y ,  the spectrum o f  the l oca l  
a c t i v i t y  must f o l l o w  the shape o f  the shared spectrum,over the 
same dynamic range o f  a fac to r  o f  ten. But such s i m i l a r i t y  o f  
spectrum, over such a range, p e r s i s t i n g  f o r  minutes a t  a t ime 
and moreover, peaking a t  d i f f e r e n t  frequencies i n  some epochs, 
cannot we1 1 be co inc identa l .  We conclude that,  a1 though they 
are  no t  l i n e a r l y  re la ted,  the shared a c t i v i t y  must be causing 
the l oca l  a c t i v i t y ,  o r  a t  t he  least ,  t h a t  the two are causa l ly  
r e  l a  ted . 
2 
I n  order t o  mainta in  a coherence near 8@? 
20 
Th is  non-1 inear causat ion cannot be produced simply by non- 
p r o p o r t i o n a l i t y  o f  e l e c t r i c a l  response, a ub iqu i tous  proper ty  
o f  cerebral  t issue, unless the input-output curves d e f i n i n g  
such non-proport ional  i t i e s  d i f f e r  between d i f f e r e n t  leads; f o r  
equal curves would r e s u l t  in  equal d i s t o r t i o n s ,  hence l i t t l e  
reduct ion i n  coherences. The ana lys is  thus leads u s  t o  a conceptioi[  
o f  a process which produces the alpha wave and also, non- 
l i n e a r l y ,  evokes some loca l  a c t i v i t y  i n  i n t e n s i t i e s  roughly 
p ropor t iona l  t o  i t s  own in tens i ty .  
A d i f f e r e n t  n o n - l i n e a r i t y  i s  ind icated i n  the a c t i v i t y  o f  Subject 
213's area RCPO, which peaked i n  the same band as the  shared 
alpha o f  the other  leads, and dispersed i n t o  d i f f e r e n t  bands 
a f t e r  the end o f  the task  as they d id ;  but  uas-only  weakly 
coherent w i t h  them. Th is  coincidence o f  peaks and d ispersa ls  
argues some general tendency f o r  a l l  four  areas t o  p r e f e r  about 
9.5 c/sec dur ing  the task and not  a f t e r ,  and t h i s  r e l a t i o n  too  
contains a non-l inear po r t i on ,  
Analogous co-occurences o f  1 inear and non-1 inear  r e l a t  onships 
have been noted prev ious ly  i n  spec t ra l  s tud ies (Walter 1963; 
k ! t e r  E- Adey, !963) r 
s h i p s  are  now being developed by us (Walter & Brown, 1963). 
Meanwhile, spect ra l  ana lys is  d e l i m i t s  the frequency bands and 
i n t e n s i t i e s  o f  some o f  these e f fec ts ,  though no t  the in t imate 
methods of analyz ing non-1 inear r e l a t i o n -  
d e t a i l s  o f  t h e i r  product ion.  
Me thodol og i ca 1 Comment 
The close i n te rm ing l i ng  o f  l i n e a r  and non- l inear  re la t i onsh ips  
revealed by our analyses was unexpected. These f i nd ings  have 
Suggested several mod i f i ca t ions  o f  the o r i g i n a l  methods, which 
are now being developed and tested. 
promise add i t i ona l  reve la t  ions  about cerebra l  behavior, as our 
Both o l d  and new methods 
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mathematical t o o l s  a re  inc reas ing ly  adapted t o  the  nature o f  the 
phys io log ica l  f unc t i on  we a r e  inves t iga t ing .  
While these t o o l s  a re  c o s t l y  t o  develop and app ly  i n  the f u l l  
g e n e r a l i t y  necessary f o r  t h e i r  unbiased eva lua t ion  as neurophysio- 
l o g i c a l  research methods, i t  i s  possible, i n  the l i g h t  of these 
general eva lua t i ve  resu l ts ,  t o  develop methods f o r  s tudy ing more 
r e s t r i c t e d  problems i n  the same s p i r i t ,  but  w i t h  r e s t r i c t e d  means, 
By j o i n t  prosecut ion o f  g lobal  and spec ia l i zed  analyses, we hope 
best  t o  advance neurophysiological research. * 
SUMMARY 
Continuous spec t ra l  analyses o f  several minutes o f  normal human 
EEGs were prepared by computer, and converted to  a compact graphic  
form. This  new presenta t ion  o f  voluminous data in  contour maps 
g ives  an overview o f  tk evo lu t i on  o f  pa t te rns  i n  the EEG. 
Parameters graphed were spect ra l  i n t e n s i t y  ("power spec t ra l  
density"),  and coherence, a quant i t y  expressing s t rength  of 
r e l a t i o n s h i p  between b r a i n  areas, The s t rongest  r e l a t i o n s  
were among l o n g i t u d i n a l l y  o r ien ted  p a r i e t o - o c c i p i t a l  1 inkages, 
represent ing the s u b j e c t ' s  aipha wave,  Wave a r t l v l t y  in a 
s i m i l a r  frequency band, recorded across the  o c c i p i t a l  m id l ine ,  
was completely incoherent w i t h  the  alpha wave. Thus two indep- 
endent generation processes i n  the same frequency band are 
requ i red  t o  account f o r  these records. Low frequency a c t i v i t y  i n  
t w o  leads was re la ted  on ly  p a r t i a l l y  t o  the heart-beat. 
Fig. 1. Contours o f  Spect ra l  i n t e n s i t y  for f i v e  leads, 
simultaneously recorded from a narmal subject. 
Construct ion o f  the contours i s  expla ined i n  the 
tex t ,  and by Fig. 2. Time-frequency l o c i  o f  i n t e n s i t y  
g rea ter  than 10 uv /(c/sec) are darkened, bu t  note 
t h a t  h i g h  peaks are at ta ined,  p a r t i c u l a r l y  a t  
1 1  c/sec, j u s t  a f t e r  4 minutes. For lead abbre- 
v i a t i o n s  and desc r ip t i on  o f  stimulus, see methods 
section. A summary of the  sub jec t ' s  performance 
i s  shown below the map f o r  LCPO. Note s i m i l a r i t y  
of e v o l u t i o n  o f  A-P or iented leads, in cont ras t  
w i t h  l a t e r a l l y  or iented B I O C C .  
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Fig. 2. Construct ion o f  Contour Maps 
A. The map f o r  LCPO, shown a t  a l a rge r  scale than i n  
Fig. 1. Note c l u s t e r i n g  o f  many contour curves 
( i n d i c a t i n g  a steep and h igh  peak) a t  11 c/sec, 
j u s t  a f t e r  4 minutes, when an unusual st imulus 
group was presented, 
Autospectrogram f o r  the f i r s t  12-second epoch of  t h i s  
s i t ua t i on ,  from which the  le f t -hand beginnings of the 
contour curves were der ived, a s  shown by lead l ines .  
Those i n t e n s i t y  leve ls  a t  which i t  was decided t o  
create contour curves are  drawn i n  p a r t  B, as l i n e s  
p a r a l l e l  t o  the  frequency ax i s ;  the frequency a t  
which the autospectrogram crosses such a 1 ine 
(as determined by i n te rpo la t i on )  i s  ca r r i ed  t o  the 
map, and i n i t i a t e s  a contour curve. Each contour 
l eve l  has a code (given in  Fig. 1, lower r i g h t )  
by which i t s  contour curves are  d is t inguished.  The 
chosen contours leve ls  are a t  approximately constant 
l oga r i t hm ic  in te rva ls ,  so t h a t  the dens i t y  of contours 
i s  as i f  the logar i thm o f  the i n t e n s i t y  had been p lo t ted .  
8. 
Fig. 3.  Contours 
EEGs Ana 
from the 
diagram 
o f  Coherence f o r  Pai  r s  o f  the  Same 
yzed i n  Fig. 1. The 1 ine and arrows 
l o c a t i o n  o f  the lead RCP on the head 
nd ica te  t h a t  each o f  the three maps 
i n  the le f t -hand column sh0t.r the r e l a t i o n s  o f  
RCP w i t h  another lead; f o r  instance, the top 
one re la tes  RCP and LCPO. The b i f u r c a t e d  
arrows from LCPO and RCPO d i r e c t  a t t e n t i o n  
respec t ive ly  t o  the three maps f o r  each o f  
these leads '  re la t ions.  F i n a l l y ,  the l i n e  
from B l O C C  ind ica tes  tha t  the three maps i n  
the  bottom row show BIOCC's re la t ionsh ips .  
Loci  o f  s i g n i f i c a n t  coherences (see methods) 
a re  b 1 a ckened . 
The t ime per iod  covered extends s l i g h t l y  
f u r t h e r  than t h a t  analyzed i n  Fig. 1. Note 
the  d i sappea rance of  a 1 pha -band coherence 
j u s t  before f i r s t  unusual s t imulus group. 
Fig. 4. Contours o f  i n t e n s i t y  f o r  Subject  212 L i n k -  
ages as i n  Fig. 1, Note t h a t  shading begins 
a t  a lower i n t e n s i t y  leve l  f o r  t h i s  f gure 
than f o r  Fig. 1 (an area near 9 c/sec, 60 sec 
was erroneously l e f t  unshaded i n  the RCP 
map). The "Time h i s t o r i e s  o f  spect ra l  in ten-  
s i t y "  represent s l  ices through the topographies 
represented by each o f  the contour maps, s l i c e s  
made a t  the 9.5 c/sec l i n e .  Note r e l a t i v e  
s i m i l a r i t y  between the t ime h i s t o r i e s  o f  LCP 
a d  RCP, and between LCPO and RCPO. 
. I  - 
F i g .  5. Selected contours o f  coherence for the same 
records analyzed i n  Fig. 4. Note coherence 
maxima i n  range o f  i n t e n s i t y  maxima; but 
l e f t  /r i gh t cohe rence s (LCP/RCP and LCP O/RC PO) 
a r e  higher than anter ior /poster ior  ones 
(LCP/LCPO). Coherences w i t h  B I O C C  again 
very low. 
Fig. 6. Density-modulated t ransformat ion of po r t i ons  
of preceding two f igures. 
beginning o f  s i t u a t i o n  marked a t  l e f t ,  f r e -  
quency scale across the tottom. Each numbered 
swath shows r e l a t i v e  i n t e n s i t y  i n  LCP (upward 
t i c k s ) ,  i n t e n s i t y  i n  RCP (downdard t i c k s ) ,  
and coherence between them (symmetric t i cks) .  
The c a l i b r a t i o n s  a t  the top a r e  o f  coherence. 
Note the wide coherent band surrounding the 
r e l a t i v e l y  narrow alpha bands. 
Seconds from 
Fig. 7. Contours o f  I n t e n s i t y  f o r  Subject 213. 
Note the remarkably stable upper boundary o f  the 
alpha-wave r idge i n  the A-P or iented  leads, i n  
contrast to the  m o r e  modulated B I O C C .  Note t h a t  
the  ex t rac ted  time h i s t o r i e s  o f  spectral  i n t e n s i t y  
a t  9.5 c/sec a r e  very s i m i l a r  among the f i rs t  three 
leads, but d i f f e r e n t  i n  both others. 
. * .  
Fig.  8. Selected contours o f  coherence f o r  the same 
records analyzed i n  Fig. 7. Note low- 
frequency coherences in add i t ion t o  those 
i n  alpha range. 
Fig.  9. Hypothet ical  composition o f  generation 
processes. See t e x t .  
C C  c 
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